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ANALYSIS OF I O D I N E AND CESIUM CHEMICAL FORMS EVOLVED
FROM GRAPHITE SURFACES AT TEMPERATURES FROM 425 TO 14OO0C 0. K. T a l l e n t R. P. Wichner R. L. Towns T. T. Godsey
ABSTRACT I n f o r m a t i o n has been o b t a i n e d t o a i d i n t h e i d e n t i f i c a ion of t h e chemical forms of f i s s i o n product cesium and i o d i n e which are evolved from g r a p h i t e s u r f a c e s heated t o temperatures up t o 1400OC. I o d i n e and cesium were i n i t i a l l y added t o t h e g r a p h i t e
as adsorbed C s I ; s u b s e q u e n t l y , more cesium was added as C s
t o a l l o w v a r i a t i o n s of t h e i n i t i a l cesium/iodine mol r a t i o from 1 t o 10. The i d e n t i f i c a t i o n s were determined, i n p a r t , by i n f e r e n c e from t h e l o c a t i o n s of cesium and i o d i n e d e p o s i t s on a g r a p h i t e thermal g r a d i e n t t u b e , t h e measured mol r a t i o s of t h e d e p o s i t s ,
and t h e r e s u l t s of e l e c t r o n s u r f a c e chemical a n a l y s e s . Cesium i o d i d e was t h e most abundant of t h e chemical forms found; however, s i g n i f i c a n t q u a n t i t i e s of cesium-rich oxygen-bearing d e p o s i t s (probably cesium o x i d e ) and of i o d i n e -r i c h d e p o s i t s (mostly m o l e c u l a r 12) were a l s o p r e s e n t . were found t o move downstream w i t h t i m e and/or gas flow from t h e h o t t e r t o t h e c o l d e r r e g i o n s of t h e system. The i o d i n e s p e c i e s , C s I and 12,
. INTRODUCTION The purpose of t h i s i n v e s t i g a t i o n w a s t o o b t a i n i n f o r m a t i o n f o r use i n i d e n t i f y i n g t h e chemical forms of cesium and i o d i n e r e l e a s e d from f a i l e d o r d e f e c t i v e high-temperature g a s -r e a c t o r (HTGR) f u e l s t o t h e
g r a p h i t e moderator and u l t i m a t e l y t o ithe. c i r c u l a t i n g c o o l a n t . r e g a r d i n g t h e chemical <forms* of .cesium and i o d i n e , as w e l l as o t h e r f i s s i o n p r o d u c t s r e l e a s e d from the f u e l -m a t e r t a l , is e s s e n t i a l f o r the s t u d y of t h e i r subsequent rate of movement i n t h e v a r i o u s environments i n t h e pathway l e a d i n g t o t h e o u t s i d e environment. The chemical form determines
Knowledge t h e v o l a t i l i t y ( i . e . , t h e l o c a t i o n where i t may condense), t h e r a t e of a d s o r p t i o n , t h e tendency f o r chemical combination w i t h materials of c o n s t r u c t i o n , and t h e rate of d i f f u s i o n i n g r a p h i t e . Although h i g h l y
i d e a l i z e d thermodynamic estimates i n v a r i a b l y show CsI t o be t h e most s t a b l e i o d i n e s p e c i e s i n s i m p l e chemical environments w i t h low oxygen l e v e l s , f i s s i o n product t r a n s p o r t test d a t a t a k e n i n v a r i o u s HTGR environments u s u a l l y i n d i c a t e i o d i n e t o be i n e i t h e r an I2 o r atomic i o d i n e form. Release rate o b s e r v a t i o n s from both broken and i n t a c t p a r t i c l e s i n d i c a t e t h a t t h e movement of i o d i n e i s similar t o t h a t of xenon (e.g., r e f s . 2 and 3). F u r t h e r , i n -p i l e loop d a t a 4 and r e a c t o r s u r v e i l l a n c e tests are u s u a l l y analyzed w i t h f a i r s u c c e s s , assuming t h a t t h e predominant form of i o d i n e i n t h e primary c i r c u i t i s gaseous 1 2 o r d e p o s i t s r e s u l t i n g from an 1 2 p a r t i a l p r e s s u r e .
The experiments d e s c r i b e d i n t h i s r e p o r t were undertaken p r i m a r i l y t o e v a l u a t e s p e c i e s i d e n t i f i c a t i o n procedures based on t h e use of a thermal g r a d i e n t tube f o r HTGR c o n d i t i o n s s i n c e f u t u r e program d i r e c t i o n s may r e q u i r e such procedures.
I n a d d i t i o n , t h e performance of t h e s e e x p l o r a t o r y and developmental tests u s i n g a cesium-iodine system under c o n t r o l l e d oxygen p o t e n t i a l c o n d i t i o n s has provided some i n s i g h t i n t o t h e movement of i o d i n e i n g r a p h i t e placed t h e r e i n i t i a l l y as CsI.
EXPERIMENTAL METHOD
GENERAL APPROACH
The experiments d e s c r i b e d h e r e were designed t o e v a l u a t e t h e thermal g r a d i e n t tube procedure f o r i d e n t i f y i n g t h e chemical forms of cesium and i o d i n e t h a t are vaporized from a g r a p h i t e s u r f a c e i n t o helium gas cont a i n i n g low c o n c e n t r a t i o n s of carbon monoxide (CO) gas. For t h i s purpose, H-451 g r a p h i t e s o u r c e p e l l e t s c o n t a i n i n g i o d i n e as cesium i o d i d e (CsI) and a d d i t i o n a l cesium, i n most tests, as cesium c a r b o n a t e (Cs $03) were h e a t e d at temperatures up t o 1400OC. Vaporized m a t e r i a l from t h e s o u r c e p e l l e t s w a s picked up i n t h e flow of cover gas and r e d e p o s i t e d downstream on c o o l e r s u r f a c e s of t h e g r a p h i t e thermal g r a d i e n t tube. Determination 3 of t h e chemical forms of cesium and i o d i n e was made by: ( 1 ) i n f e r e n c e from t h e m o l r a t i o and t h e l o c a t i o n of t h e condensed material in a thermal g r a d i e n t t u b e h e l d a t t e m p e r a t u r e s ranging from 1000 t o <lOO°C, and ( 2 ) a n a l y s e s of t h e s u r f a c e d e p o s i t s u s i n g e l e c t r o n s u r f a c e chemical a n a l y s i s (ESCA) t e c h n i q u e s .
The chemical p o t e n t i a l of oxygen is a v a r i a b l e r e p o r t e d t o a f f e c t vapor p r e s s u r e s , d i f f u s i o n rates, and chemical forms of f i s s i o n p r o d u c t s i n o t h e r systems's6 and t h e r e f o r e is l i k e l y t o be a s i g n i f i c a n t f a c t o r in d e t e r m i n i n g which chemical forms of cesium and i o d i n e w i l l be p r e s e n t i n o u r system. Carbon monoxide was used i n t h e cover gas in our tests t o f i x t h e oxygen p o t e n t i a l so t h a t i t would not vary in an u n c o n t r o l l e d
way. Carbon monoxide reacts in t h e system t o form carbon and oxygen as f o l l o w s :
The oxygen chemical p o t e n t i a l s l i s t e d i n Table 1 i n cal/mol; abs&olute t e m p e r a t u r e ; and t h e p a r t i a l p r e s s u r e of CO in t h e cover g a s , i n atm.
T, and Pcop r e s p e c t i v e l y , denote t h e oxygen chemical p o t e n t i a l ,
2
The p r e s e n t e x p e r i m e n t a l c o n d i t i o n s , of c o u r s e , r e p r e s e n t a l a r g e from i n t a c t p a r t i c l e s , would be s u b j e c t t o condiltions o t h e r t h a n t h o s e t a k e n i n t o account in t h e s e tests.
PREPARATION OF SOURCE PELLETS
The H-451 g r a p h i t e used i n the p r e p a r a t i o n of t h e s o u r c e p e l l e t s had Each p e l l e t was 1.25 cm long and 0.8 c m i n d i a m e t e r . For Test 1 (Table l ) , which w a s a s c o p i n g i n v e s t i g a t i o n , C s I was adsorbed on t h e s u r f a c e of t h e p e l l e t . The procedure involved s o a k i n g t h e p e l l e t i n 50 v o l % ethanol-50 v o l % water s o l u t i o n c o n t a i n i n g 0.3 -M C s I f o r 24 h a t -23"C, d r y i n g t h e pellet i n a i r for 24 h at 130°C, and t h e n baking i t under helium gas f o r -1 h a t 600OC. (A similar proce-
The C s I w a s widely and evenly adsorbed on t h e s u r f a c e of t h e
For Tests 2 through 6 (Table l ) s o u r c e p e l l e t ; t h e n t h e h o l e w a s capped w i t h a g r a p h i t e plug. Source p e l l e t s w e r e not used i n T e s t s 7, 8, and 9 (Table l ) , where t h e s o u r c e material, molecular i o d i n e , w a s i n t r o d u c e d as a gas without cesium i n t h e helium flow. More d e t a i l s about t h e s e tests are r e p o r t e d i n Sect. 3.
Tests 1-5 and Test 6 were conducted w i t h t h e s o u r c e p e l l e t s heated a t 1000 and 14OO0C, r e s p e c t i v e l y . I n t h e remaining tests (7, 8, and 9), t h e maximum temperature o f t h e thermal g r a d i e n t tube was 425OC.
The s o u r c e materials were packed i n t o a
DEPOSITION TESTS
A diagram of t h e equipment used i n t h e d e p o s i t i o n t e s t s is shown i n (Table 1) were placed i n t h e c e n t e r of t h e q u a r t z tube i n t h e h o r i z o n t a l t u b e f u r n a c e , where they were h e a t e d a t 1000°C f o r p e r i o d s ranging from 7.5 min t o 5 d. A cover gas composed of helium p l u s 0.01, 0.10, o r 1.00 v o l % CO was passed through t h e system a t t h e rate of 25 t o 50 cm3/min d u r i n g t h e h e a t i n g period. f r a c t i o n of t h e C s I w a s vaporized from t h e p e l l e t i n each i n d i v i d u a l t e s t ( T e s t s 1 through 6) and t h e n r e d e p o s i t e d at a lower temperature on a thermal g r a d i e n t tube downstream from t h e p e l l e t .
A
The thermal g r a d i e n t tube was composed of e i t h e r f i v e o r s i x g r a p h i t e t u b e segments. d i a m e t e r and 0.63-cm i n s i d e diameter and weighed -1.08 g. Temperature p r o f i l e s f o r t h e thermal g r a d i e n t were prepared by p l o t t i n g t h e measured temperatures a t f i v e p o i n t s on t h e g r a d i e n t (designated as TC-1, TC-2, TC-3, TC-4, and TC-5 i n Fig. 2 ) vs t h e d i s t a n c e of t h e d e s i g n a t e d p o i n t s from t h e c e n t e r of t h e furnace. The amounts of C s I i n , o r on, source p e l l e t s a t t h e beginning and end of each t e s t and t h e amounts d e p o s i t e d on t h e thermal g r a d i e n t segments were determined by neutron a c t i v a t i o n a n a l y s i s (NAA).
I
n some t e s t s , t h e amounts of C s I -C s 2 C O 3 i n i t i a l l y loaded i n t o t h e c e n t e r of t h e p e l l e t s were determined by weight. I n a d d i t i o n t o t h e NAA, s e l e c t e d g r a p h i t e thermal g r a d i e n t segments were submitted f o r e l e c t r o n s u r f a c e chemical a n a l y s i s (ESCA) t o determine t h e chemical form of t h e d e p o s i t e d cesium and i o d i n e .
Q u a n t i t i e s of cesium and i o d i n e found adsorbed on t h e q u a r t z tube housing t h e g r a p h i t e thermal g r a d i e n t tube were added, f o r d a t a a n a l y s i s p u r p o s e s , t o t h e q u a n t i t i e s found on corresponding g r a p h i t e segments. The q u a n t i t i e s found on t h e q u a r t z were r e l a t i v e l y small u n l e s s s p e c i f i c a l l y noted otherwise. Test 6 , i n which t h e s o u r c e p e l l e t w a s heated t o 1400"C, w a s conducted s i m i l a r l y t o t h e f i r s t f i v e tests (Table l ) , except t h a t an induction-heated f u rnace was used i n s t e a d of a r e s i s t a n c e -h e a t e d type. Data from T e s t 6 were used only t o determine t h e average vapor-hase i o d i n e d e n s i t y a t 1400OC.
Each segment was 1.9 c m long w i t h a 0.93-cm o u t s i d e Tests 7, 8, and 9 (Table 1 ) were conducted u s i n g a gaseous I 2 source without cesium. I n t h e s e t e s t s , t h e I 2 was placed i n a small p o r c e l a i n boat i n t h e f u r n a c e tube -8 i n . o u t s i d e t h e f u r n a c e h e a t i n g zone. A f t e r t h e f u r n a c e had been heated t o 425°C w i t h t h e thermal g r a d i e n t tube (425 t o 70°C) i n p l a c e , t h e boat w i t h t h e I 2 w a s moved by means of a wire hook and a magnet t o t h e edge of t h e h e a t i n g zone (-150°C).
The i o d i n e w a s q u i c k l y v a p o r i z e d , a l t h o u g h t h e gas flow (He + 1% CO) was continued f o r up t o 45 min. These tests (7 through 9) were conducted i n o r d e r t o determine t h e e x t e n t t o which i o d i n e would a d s o r b on t h e thermal g r a d i e n t t u b e i n t h e absence of cesium.
EXPERIMENTAL RESULTS AND DISCIJSSION
DEPOSITS FROM
The
o t h e r t h a n C s I can he found i n the t e s t r e s u l t s shown i n Table 2 . T h i s test was a scoping i n v e s t i g a t i o n i n which t h e p e l l e t i n i t i a l l y c o n t a i n e d 346 pg (1.33 pmol) of surface-adsorbed C s I .
1000°C f o r 120 h i n a helium-1.0 v o l % CO gas stream. A t t h e end of t h e h e a t i n g p e r i o d , a n a l y s e s (Table 2) d e c r e a s e can be s e e n i n Fig. 3 . Approximately 89% of t h e d e p o s i t e d i o d i n e was i n t h e i n t e r m e d i a t e -t e m p e r a t u r e zone where t h e cesium/iodine mol r a t i o was -1.0. Another 10% was d e p o s i t e d i n t h e low-temperature, i o d i n e -r i c h zone. The s o u r c e p e l l e t a t t h e end of t h e t e s t r e t a i n e d 1.8 ug of cesium and 3.8 pg of i o d i n e . Subsequent tests showed r e s i d u a l q u a n t i t i e s (1 t o 4 vg) of cesium and i o d i n e s i n c e t h e s e elements were
Subsequent tests a1so"showed t h a t ' m a j o r f r a c t i o n s of t h e cesium and i o d i n e could be v a p o r i z e d from s o u r c e p e l l e t s in less t h a n 1 h a t 1000°C. It is l i k e l y , t h e r e f o r e , that-yost of t h e cesium and i o d i n e i n T e s t 1 (120 h ) were vaporized from t h e p e l l e t i n t h e f i r s t few hours of t h e test and that l i t t l e o r no v a p o r i z a t i o n occurred d u r i n g the remainder of t h e test p e r i o d .
The p e l l e t was h e a t e d a t
The d e c r e a s e in t h e cesium/iodine m o l r a t i o w i t h temperature T a b l e 2. Deposits on g r a p h i t e thermal g r a d i e n t tube from s o u r c e p e l l e t w i t h aTemperature a t midpoint of thermal g r a d i e n t tube segment.
DEPOSITS FROM SOURCES WITH CESIUM/IODINE MOL RATIOS OF Q10.0
E f f e c t of V a p o r i z a t i o n Time on Deposits i n Tests 2 and 3 Data from two similar tests w i t h d i f f e r e n t v a p o r i z a t i o n p e r i o d s ,
and 24 h, are shown i n Tables 3 and 4, r e s p e c t i v e l y . A cesium/ i o d i n e mol r a t i o of -1O:l (approximately t h e f i s s i o n y i e l d r a t i o ) w a s used f o r t h e s o u r c e p e l l e t .
The s o u r c e temperature w a s set a t lOOO"C, and a 50-cm3/min flow of helium-1 v o l % CO gas A chromato-
g r a p h i c e f f e c t f o r i o d i n e can be s e e n by comparing t h e p l o t s of i o d i n e c o n c e n t r a t i o n vs t e m p e r a t u r e f o r t h e 0.25-and 24-h tests i n Fig. 4 . I n t h e 0.25-h t e s t , r e l a t i v e l y l a r g e amounts of i o d i n e were adsorbed on t h e g r a p h i t e thermal g r a d i e n t t u b e at t e m p e r a t u r e s from 850 t o 500"C, w i t h lesser amounts being adsorbed at t e m p e r a t u r e s from 500 t o 200°C. The major amount of i o d i n e adsorbed i n t h e 24-h test was s h i f t e d from t h e was used. high-temperature zone t o areas w i t h t e m p e r a t u r e s <4OO0C.
A similar m o b i l i t y f o r cesium is shown i n F i g . 5 except t h a t , as n o t e d , t h e cesium d e p o s i t e d i n t h e high-temperature (>500°C) zone appeared
t o be r e l a t i v e l y s t a b l e . I n t h e 0.25-h t e s t , r e l a t i v e l y l a r g e amounts of cesium were adsorbed a t t e m p e r a t u r e s >5OO0C; lesser amounts were found 
. Cesium/iodine mol r a t i o i n d e p o s i t s on thermal g r a d i e n t
I n i t i a l cesium/iodine mol r a t i o = t u b e as a f u n c t i o n of temperature. 1 ; carrier gas = helium-1% CO.
Table 3. Cesium and i o d i n e d e p o s i t i o n from sourceaSb w i t h cesium/iodine rnol r a t i o of 10 ( T e s t 2; t e s t p e r i o d = 0.25 h )
Deposit t e m p e r a t u r e c Element i n v e n t o r y a t end of test (nmol/g) C s / I ("C) 0.6 ~ a I n i t i a l p e l l e t c o n t a i n e d 8782 pg of cesium and 830 pg of i o d i n e s e a l e d i n t o a c e n t e r hole. P a r t of t h e cesium w a s p r e s e n t as Cs2CO3. bCover gas was helium-1% CO.
CTemperature a t midpoint of g r a p h i t e tube segments i n t h e thermal dCharcoal t r a p , 1 g. g r a d i e n t . .. a t temperatures <5OO0C. In t h e 24-h t e s t , the amounts adsorbed a t t e m p e r a t u r e s >500"C remained about t h e same as i n t h e 0.25-h t e s t , b u t the amounts adsorbed a t temperatures <500"C were s i g n i f i c a n t l y i n c r e a s e d . Chromatographic e f f e c t s , i f any, of t:he cesium a d s o r p t i o n may have been p a r t i a l l y hidden by t h e l a r g e amounts of cesium which were vaporized and r e d e p o s i t e d .
Again, t h e d a t a i n Tables 2 and 3 show t h a t t h e cesium/iodine mol r a t i o s decreased as t h e temperature of t h e d e p o s i t s decreased.
For example, t h e r a t i o decreased from 2.6 t o 0.3 as t h e d e p o s i t t e m p e r a t u r e decreased from 1000 t o 200°C i n t h e 0.25-h test (Table 2) and from -1800 t o 0.6 as the temperature decreased from 950 t o <lOO"C i n t h e 24-h t e s t (Table 3 ) .
Approximately 80% of t h e d e p o s i t e d i o d i n e was i n t h e i n t e r m e d i a t e -t e m p e r a t u r e zone, 500 t o 850"C, w i t h a cesium/ i o d i n e m o l r a t i o of -1.0 i n t h e 0.25-h test. The i n t e r m e d i a t et e m p e r a t u r e zone was s h i f t e d down t o -380°C i n t h e 24-h test, but t h e f r a c t i o n of t h e d e p o s i t e d i o d i n e recovered i n t h i s zone w i t h a cesium/
i o d i n e mol r a t i o of -1.0 remained l a r g e , 432%. The amount of i o d i n e i n t h e i o d i n e -r i c h zone i n c r e a s e d from 3% i n t h e 0.25-h test t o 18% i n t h e 24-h t e s t .
D i s s o c i a t i o n of CsI on t h e g r a p h i t e s u r f a c e s , p a r t i c u l a r l y a t t h e h i g h e r t e m p e r a t u r e s , may account f o r t h e formation of s e v e r a l of t h e species e v i d e n t on t h e d e p o s i t i o n surfaces. The (cesium species ( C s and CsO,) t h a t are formed from such a d i s s o c i a t i o n would bond s t r o n g l y w i t h t h e g r a p h i t e and remain r e l a t i v e l y s t a t i o n a r y , w h i l e the more v o l a t i l e molecular i o d i n e i s more weakly bound t o g r a p h i t e and t h u s would move downstream toward c o o l e r a d s o r p t i o n s i t e s , becoming essen-
t i a l l y s t a t i o n a r y a t t e m p e r a t u r e s <200"C.
E f f e c t s of Diminishing Oxygen P o t e n t i a l , Tests 4 and 5
Tests 4 and 5 (Table 1) were' conducted i n an a t t e m p t t o a s c e r t a i n t h e e f f e c t of d i m i n i s h i n g oxygen p o t e n t i a l i n t h e cover gas.
from 0.25-h tests u s i n g 0.1 vol % CO and 0.01 v o l % CO are shown i n Table 5 . A l a r g e f r a c t i o n of t h e cesium and i o d i n e d e p o s i t i o n i n t h e Data Table 5 . E f f e c t of oxygen p o t e n t i a l on cesium/iodine mol r a t
i o i n d e p o s i t and degree of d e p o s i t i o n a (Tests 4 and 5)
Carbon monoxide Depos i tb C s / I mol i n gas Temperature Cesium I o d i n e r a t i o i n ( % I aTests conducted a t 1000°C f o r 0.25 h. bSource pellets c o n t a i n e d -4760 pg of cesium and -570 1~g of =Deposits l a r g e l y on q u a r t z t u b i n g i n s t e a d of g r a p h i t e thermal dCharcoal t r a p , 1 g.
g r a d i e n t tube.
v o l % CO t e s t o c c u r r e d a t -lOOO°C on t h e q u a r t z t u b i n g i n and around t h e s o u r c e p e l l e t , w h i l e t h e d e p o s i t i o n p a t t e r n from t h e 0.1 v o l X CO t e s t appeared t o be similar t o t h a t o b t a i n e d from t h e 1.0 v o l
% CO tests ( Table 3) .
A comparison of t h e r e s u l t s from Tests 2 , 4, and 5 shows no major impact of oxygen p o t e n t i a l r e d u c t i o n from -130 kcal/mol i n Test 2 t o -159 kcal/mole i n Test 5. There w a s some i n d i c a t i o n of enhanced i o d i n e r e t e n t i o n a t t h e h i g h e s t temperature f o r t h e lowest oxygen p o t e n t i a l r u n ( T e s t 51, probably due t o enhanced C s T s t a b i l i t y . I n 
a d d i t i o n , t h e r e was evidence of i n c r e a s e d cesium (and i o d i n e r e a c t i o n w i t h q u a r t z t u b i n g a t t h e -lOOO°C s e c t i o n i n t h e t e s t performed w i t h
t h e lowest oxygen p o t e n t i a l .
. DEPOSITS FROM MOLECULAR I O D I N E SOURCES I N TESTS 7, 8, AND 9
These tests were conducted similar t o Tests 1-6 except t h a t molecular i o d i n e , 12, was used as a s o u r c e and t h e range of thermal g r a d i e n t tube t e m p e r a t u r e s was less, -100 t o 425OC. Experimental d e t a i l s f o r t h e tests are provided i n Sect. 2.3 and in Table 1 .
R e s u l t s of t h e tests show t h a t i o d i n e was adsorbed i n smaller amounts on t h e thermal g r a d i e n t tube t h a n was t h e case w i t h cesium p r e s e n t . (Fig. 2) .
The a d s o r p t i o n p a t t e r n v a r i e s w i t h
These r e s u l t s s u b s t a n t i a t e r e s u l t s r e p o r t e d in S e c t . 3.2 i n d i c a t i n g t h a t (1) molecular i o d i n e can be adsorbed by g r a p h i t e over a w i d e t e m p e r a t u r e range and ( 2 ) t h e adsorbed i o d i n e moves downstream w i t h time and/or gas flow t o c o o l e r g r a p h i t e a d s o r p t i o n sites.
ELECTRON SURFACE CHEMICAL ANALYSES
E l e c t r o n s u r f a c e chemical a n a l y s i s (ESCA) was used t o i d e n t i f y cesium s p e c i e s i n d e p o s i t s w i t h large cesium/iodine mol r a t i o s on t h e s u r f a c e s of i n d i v i d u a l s e c t i o n s of g r a p h i t e thermal g r a d i e n t tubes.
The Cs(3d) spectrum for t h e g r a d i e n t s e c t i o n shown i n Fig. 7 is repres e n t a t i v e of t h e r e s u l t s o b t a i n e d from s e v e r a l samples. The peak at -738.2 e V , which is s l i g h t l y h i g h e r t h a n t h a t r e p o r t e d f o r cesium in C s I (727.7 eV) and f o r cesium i n CsOH (724.0 eV), is probably Cs02. 
. SUMMARY AND CONCLUSIONS
SUMMARY
The r e s u l t s o b t a i n e d i n t h i s s t u d y can be summarized as f o l l o w s :
1. I n a series of n i n e tests (Table 11 , t h e r e l a t i v e movements of cesium and i o d i n e were observed i n a system c o n s i s t i n g of a q u a r t z tube c o n t a i n i n g H-451 g r a p h i t e and flowing helium w i t h a c o n t r o l l e d oxygen p o t e n t i a l . A range of s o u r c e cesium/iodine mol r a t i o s , a n n e a l i n g t i m e s , and oxygen p o t e n t i a l s w a s i n v e s t ig a t e d .
2.
A scoping t e s t ( T e s t 1) w a s conducted u s i n g a C s I s o u r c e i n a g r a p h i t e p e l l e t h e l d a t 1000°C f o r 120 h. A t t h e end of t h i s t i m e , t h e bulk of t h e observed cesium and i o d i n e (-85%) was observed t o be at t h e 250°C l o c a t i o n i n t h e thermal g r a d i e n t w i t h a m o l r a t i o of -1. T h i s material, t h e r e f o r e , appeared t o be l a r g e l y condensed C s I . The balance of t h e cesium (~1 5 % )~ however, was d i s t r i b u t e d i n higher-temperature zones, whereas t h e b a l a n c e of t h e i o d i n e (-15%) w a s l o c a t e d i n t h e downstream t r a p .
3.
A comparison of Tests 2 and 3 i l l u s t r a t e s t h e movement of t h e c e s i u m / i o d i n e = 1 zone (presumably C s I ) from t h e 500 t o 85OOC zone i n t h e s h o r t e r test t o a lower-temperature l o c a t i o n (-389OC) a t t h e l o n g e r a n n e a l i n g t i m e . The l o n g e r test a l s o showed t h a t a f a r l a r g e r p o r t i o n of t h e i o d i n e which moved 
.
6.
l o n g e r was i n t e s t ) . I n comparison, 4 . 0 4 % of t h e cesium t h a t moved t h e downstream t r a p a t t h e end of t h e s h o r t t e s t as compared w i t h 6% a t t h e end of t h e l o n g e r t e s t .
A comparison of t h e r e s u l t s of Tests 2, 4 , and 5 shows no major impact caused by t h e r e d u c t i o n of t h e oxygen p o t e n t i a l from -130 t o -159 kcal/mol a t t h e i n l e t on t h e cesium and i o d i n e t r a n s p o r t behavior. There was enhanced i o d i n e r e t e n t i o n a t h i g h temperature f o r t h e lowest oxygen p o t e n t i a l r u n , perhaps due t o enhanced CsI s t a b i l i t y . I n a d d i t i o n , an i n c r e a s e i n cesium and i o d i n e i n t e r a c t i o n w i t h t h e q u a r t z wave was s e e n a t t h e lowest oxygen p o t e n t i a l . T h i s e f f e c t is thought t o r e s u l t from t h e r e a c t i o n of i m p u r i t i e s i n t h e g r a p h i t e w i t h t h e cesium and i o d i n e .
CONCLUSIONS
Based on t h e d a t a o b t a i n e d i n t h e s e tests, we can draw t h e f o l l o w i n g c o n c l u s i o n s :
1. Our scoping tests w i t h cesium and i o d i n e compounds i l l u s t r a t e t h e p o t e n t i a l u t i l i t y of t h e thermal g r a d i e n t t u b e concept i n HTGR f i s s i o n product t r a n s p o r t test systems. Use of t h i s d e v i c e may provide a low-cost approach t o t h e i d e n t i f i c a t i o n of f i s s i o n product s p e c i e s i n t r a n s p o r t experiments by i n f e r e n c e from d e p o s i t i o n l o c a t i o n and measured e l e m e n t a l r a t i o s , o r more d i r e c t l y by use of ESCA o r o t h e r t e c h n i q u e s . 23 2. I o d i n e was added t o t h e s o u r c e p e l l e t as C s I f o r most of t h e t e s t s , even though e x p e r i e n c e i n d i c a t e s t h a t t h e dominant i o d i n e s p e c i e s i n t h e primary system i s 12. N e v e r t h e l e s s , i t is s e e n t h a t w h i l e i o d i n e is i n i t i a l l y p r e s e n t as C s I , some p r o c e s s e s e x i s t which tend t o p a r t i a l l y d i s s o c i a t e t h i s compound i n g r a p h i t e . Under t h e c o n d i t i o n s used i n our e x p e r i m e n t s , up t o perhaps 10% of t h e i o d i n e t r a n s p o r t e d was e v i d e n t l y not i n i t s o r i g i n a l chemical form a t t h e end of each t e s t .
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